The mechanism of filamin Ser 2152 phosphorylation by PKA is unclear. Results: Autoinhibitory filamin is resistant to phosphorylation despite exposed Ser 2152 , but ligand binding alters the filamin conformation, triggering PKA recognition. Conclusion: Filamin Ser 2152 phosphorylation is conformation-dependent on ligand binding. Significance: The overall conformation of substrate, not just the exposed phosphorylation site, regulates the kinase substrate recognition in signaling.
Phosphorylation is a biochemical phenomenon discovered more than a century ago (1) . Since then, it has been intensively studied and established as a pivotal posttranslational modification step to control nearly all cellular processes such as metabolism, cytoskeleton remodeling, membrane trafficking, muscle contraction, and immune responses (2, 3) . In a eukaryotic cell, Ͼ30% of total proteins are predicted to be phosphorylated on at least one residue (4, 5) . Given that the human genome encodes ϳ500 kinases (6) , it was estimated that there would be ϳ700,000 potential phosphorylation sites (P-sites) 2 for any given kinase (7) . However, at physiological conditions, a kinase may only phosphorylate several to hundreds of P-sites (8, 9) . How kinases confer their exquisite specificity has been the subject of extensive studies for many decades (for selective reviews, see Refs. 5, 7, 10, and 11). It is now well understood that a kinase can be recruited to a subcellular compartment or directly to its substrate site to increase the probability of the kinase/substrate encounter (7) . It is also understood that upon localization kinases may utilize their distinct active sites to recognize linear P-site-containing consensus motifs (CMs) in the substrates (5, 7, 10, 12, 13) . Although distal site interactions may also enhance the kinase/substrate interaction in some cases, the CM-based recognition is considered to be the universal mechanism in all kinases to critically confer substrate specificity (7, 10) . Consequently, significant effort has been made to build CM databases to help identify potential P-sites in many cellular proteins (14 -17) .
A large body of structural and functional data has shown that kinases can exhibit latent versus active conformational states to switch off versus switch on their binding to substrates, respectively, for regulating a variety of signaling pathways (18 -21) . By contrast, much less has been elucidated for the reverse, i.e. the gamut of global conformational changes within substrates that are required to accommodate the kinase binding to CM. This may be partly due to the fact that vast majority of CMs are exposed and located in disordered regions or flexible loops, leading to the assumption that they may readily fit into the kinase active sites without constraints of global substrate conformations (22) (23) (24) (25) (26) (27) (28) . A small portion of substrates have buried or ordered CMs, which require local unfolding to allow the CM access to kinases as alluded by some recent studies (28 -30) . However, the role of global substrate conformation in dictating * This work was supported, in whole or in part, by National Institutes of Health the disordered CM access to kinases remains completely unexplored.
In this study, we attempted to address this issue by using a combination of biochemical, functional, protein engineering, and structural approaches. We focused on analyzing the phosphorylation of filamin, a large actin-cross-linking protein (280 kDa) containing two N-terminal actin binding domains and 24 contiguous immunoglobulin (Ig)-like repeats that dimerize through its 24th Ig repeat (31) (32) (33) . Selective filamin Ig repeats 4, 9, 12, 17, 19, 21 , and 23 (Class A repeats) have been shown to engage with a wide range of ligands such as transmembrane receptors and cytoskeletal adaptors (34 -36) , thereby regulating a variety of cytoskeleton-related events such as cell attachment, cell shape change, and cell motility (31) (32) (33) . It is well known that filamin can be phosphorylated at Ig20 Ser 2152 by cAMP-dependent protein kinase A (PKA) (37) , which significantly impacts filamin function (38 -42) . Interestingly, Ig20 can also structurally mask the ligand binding site on Ig21, resulting in an autoinhibited conformation (43) . In the crystal structure of the autoinhibited filamin A (FLNa) Ig19 -21 (43) , Ig20 appears to be highly dynamic with several parts having weak or no electron densities (Protein Data Bank code 2J3S). Although a segment (Val 2140 -Arg 2147 ) in Ig20 occupies the ligand binding site of Ig21 to form the autoinhibited conformation, the P-site Ser 2152 is located in a nearby exposed loop containing the PKA CM sequence, i.e. 2148 RRAPSVA 2154 (44) (see Fig. 1A ). Therefore, FLNa Ig19 -21 serves as an ideal case to examine whether and how the variable three-dimensional substrate conformations of FLNa Ig19 -21 affect its exposed CM phosphorylation and signaling.
EXPERIMENTAL PROCEDURES
Plasmids and Reagents-Human filamin A (UniProt P21333) immunoglobulin domains Ig19 -21 (amino acids 2045-2329) and Ig16 -24 (amino acids 1772-2647) were cloned into pGSTparallel vectors and purified as described earlier (34) . The "locked" and "active" mutants of filamin were made using the Agilent QuikChange II XL site-directed mutagenesis kit using primers (Integrated DNA Technologies) that changed the residues "VKESITRRRRAPS" in the autoinhibition loop of repeat 20 to "FRSSLFLWVRAPS" (locked) and "VKEAAARRRRAPS" (active). GST-fused proteins were induced overnight at room temperature in Escherichia coli BL21(DE3) using 0.3 mM isopropyl 1-thio-␤-D-galactopyranoside. The fusion protein was purified using glutathione resin, and the filamin Ig fragments were released from GST using tobacco etch virus protease. Free GST was removed from the resultant mixture by binding it to glutathione resin to obtain Ͼ95% pure filamin Ig fragments. The buffer conditions, 15 N labeling, and other procedures are described in detail in earlier work (34) . The final purified proteins have a GAMDP sequence at the N terminus derived from the fusion tag. An optional anion exchange step using a ResourceQ (GE Healthcare) column was incorporated for Ig19 -21 and Ig16 -24 proteins when the fusion tag GST could not be eliminated by glutathione affinity and gel filtration chromatography. All proteins were greater than 95% pure on Coomassie-stained SDS-PAGE. The antibodies for phosphofilamin A (Ser 2152 ) and filamin A were obtained from Cell Signaling Technology (Danvers, MA).
Protein Phosphorylation-Murine PKA was purchased from New England Biolabs and used with minor changes to the reaction conditions. The assay conditions for PKA reaction were 50 mM Tris, pH 7.5, 10 mM MgCl 2 , 10 M filamin fragments as substrate, and 500 M ATP and [␥-32 P]ATP for autoradiography. [␥-32 P]ATP was eliminated from the kinase reactions for the Western blots. 50/200 M filamin binding peptides of ␤7 integrin/migfilin/GPIb␣-M was used to release autoinhibition. Assays with only peptide as substrates had 10 or 50 M peptide. For each 100-l reaction, 1000 units of PKA was used. Protein and peptide phosphorylation was detected by Western blotting and autoradiography.
Peptide Synthesis-The following peptides were synthesized by the Biotechnology Core at the Lerner Research Institute of the Cleveland Clinic: 1) migfilin, MASKEPKRVASSVFITLAP-PRRDV; 2) integrin ␤7, WKQDSNPLYKSAITTTINPRFQEA-DSPTL; 3) WT Ig20, RVKESITRRRRAPSVANV; 4) GPIb␣, LRGSLPTFRSSLFLWVRPNGRV; 5) GPIb␣-M, LRGSLPTFR-SSLALAVRPNGRV; and 6) control GPIb␣-filamin hybrid, LFLWVRAPSVANV. All the peptides were purified by HPLC and were Ͼ95% pure; their masses were confirmed by mass spectroscopy. Peptides were estimated using their extinction coefficient at A 280 using ExPASy ProtParam. In cases where the peptide did not have a tryptophan residue, the thoroughly lyophilized peptide was weighed carefully, and 85% purity was assumed to estimate concentration.
Phosphorylation Analysis of Filamin by Mass Spectrometry-Filamin Ig16 -24 was phosphorylated by PKA for 1 h in conditions described above at 50 M. PKA-phosphorylated filamin Ig16 -24 and locked Ig16 -24 were excised from Coomassiestained PAGE gels. For the protein digestion, the bands were cut to minimize excess polyacrylamide and divided into a number of smaller pieces. The gel pieces were washed with water and dehydrated in acetonitrile. The bands were then reduced with DTT and alkylated with iodoacetamide prior to in-gel digestion. All bands were digested in gel using trypsin (5 l; 10 ng/l or 20 l; 25 ng/l) or Glu-C (20 l; 50 ng/l) in 50 mM ammonium bicarbonate and incubated overnight at room temperature to achieve complete digestion. The peptides that were formed were extracted from the polyacrylamide in two aliquots of 30 l of 50% acetonitrile with 5% formic acid. These extracts were combined and evaporated to Ͻ10 l in a SpeedVac and then resuspended in 1% acetic acid to make up a final volume of ϳ30 l for LC-MS analysis.
The LC-MS system was a Finnigan LTQ linear ion trap mass spectrometer system. The HPLC column was a self-packed 9-cm ϫ 75-m-inner diameter Phenomenex Jupiter C 18 reversed-phase capillary chromatography column. Ten-microliter volumes of the extract were injected, and the peptides eluted from the column by an acetonitrile and 0.1% formic acid gradient at a flow rate of 0.25 l/min were introduced into the source of the mass spectrometer on line. The data were analyzed by using all collision-induced dissociation spectra collected in the experiment to search the NCBI non-redundant database with the search program Mascot using a human taxonomy filter. All matching spectra were verified by manual interpretation. The interpretation process was aided by additional searches using the programs Sequest and BLAST as needed.
NMR Spectroscopy-HSQC spectra of all 15 N-labeled protein samples were recorded in a Bruker Avance 600 MHz spectrometer at 30°C. 15 N-labeled proteins were extensively buffer-exchanged into 25 mM sodium phosphate, pH 6.4, 5 mM NaCl, and 1 mM DTT. All spectra were recorded using 0.1 mM Ig filamin repeats. Ligand-bound Ig spectra were recorded with a 2 M excess of peptides (0.2 mM) making sure that the pH did not change by more than 0.02 unit on addition of the ligand peptide. Spectral processing and analysis were done using NMRPipe and NMRView (45) .
Isothermal Titration Calorimetry-A MicroCal iTC200 calorimeter from GE Healthcare was used for determining ligand affinities to filamin Ig repeats. Purified proteins were extensively buffer-exchanged into 25 mM sodium phosphate, pH 6.4, 5 mM NaCl, and 1 mM DTT. Ligand peptides were dissolved in the same buffer and estimated as described earlier (34) . 50 M protein in the sample cell was titrated against 1 mM peptide in the syringe at 30°C in 1-l increments. Affinities were determined by fitting the heat changes to a one-site binding model using the associated Origin package.
Solution Structural Analyses by Small Angle X-ray Scattering (SAXS)-Small angle x-ray scattering of various Ig19 -21 filamin A protein fragments was done in 50 mM Tris, pH 7.5, 5 mM NaCl, and 1 mM DTT at a protein concentration of 2 mg/ml. Ligand peptides when present were at a 4-fold molar excess over Ig19 -21. A typical experiment had 60 M FLNa Ig19 -21 and 250 M ligand peptide. Each sample was also diluted 2ϫ and 4ϫ from this initial concentration, and SAXS data were collected to rule out aggregation or unusual oligomerization if any. X-ray scattering measurements were carried out at room temperature at the beamlines 12ID-B and -C of the Advanced Photon Source at the Argonne National Laboratory. The setups were adjusted to achieve scattering q values of 0.006 Ͻ q Ͻ 2.3 Å Ϫ1 where q ϭ (4/)sin and 2 is the scattering angle. Twenty two-dimensional images were recorded for each buffer or sample solution using a flow cell with an exposure time of 1-2 s to minimize radiation damage and obtain good signal-tonoise ratio. No radiation damage was observed as confirmed by the absence of systematic signal changes in sequentially collected x-ray scattering images. The two-dimensional images were reduced to one-dimensional scattering profiles using the Matlab software package at the beamlines. The scattering profile of a sample solute was calculated by subtracting the buffer contribution from the sample-buffer profile using the program PRIMUS (46) and standard procedures. Concentration series measurements (4-and 2-fold dilution and stock solution) for the same sample were carried out to remove the scattering contribution due to interparticle interactions and to extrapolate the data to infinite dilution. The forward scattering intensity I(0) and the radius of gyration (R g ) were calculated from the data of infinite dilution at low q values in the range of qR g Ͻ 1.3 using the Guinier approximation: lnI(q) Ϸ ln(I(0)) Ϫ R g 2q2/3. These parameters were also estimated from the scattering profile with a broader q range of 0.006 -0.30 Å Ϫ1 using the indirect Fourier transform method implemented in the program GNOM (47) along with the pair distance distribution function, p(r), and the maximum dimension of the protein, D max . The parameter D max (the upper end of distance r) was chosen so that the resulting pair distance distribution function has a short, near zero value tail to avoid underestimation of the molecular dimension and consequent distortion in low resolution structural reconstruction. The molecular weights of solutes were calculated on a relative scale using SAXS MoW (48) as well as from AUTOPOROD (49) where estimation of molecular weights is independent of protein concentration and can be obtained with minimal user bias. The theoretical scattering intensity of the atomic structure model was calculated and fitted to the experimental scattering intensity using CRYSOL (50) .
Low resolution ab initio shape envelopes were determined using the program DAMMIN, which generates models represented by an ensemble of densely packed beads (51), using scattering profiles within the q range of 0.006 -0.30 Å Ϫ1 . 32 independent runs were performed, and the resulting models were subjected to averaging by DAMAVER (52) and superimposed by SUPCOMB (53) based on the normalized spatial discrepancy criteria and filtered using DAMFILT to generate the final model. The models were manually fit to the autoinhibited Ig19 -21 crystal structure (Protein Data Bank code 2J3S).
RESULTS
The Exposed CM in Autoinhibitory FLNa Ig19 -21 Is Refractory to Phosphorylation by PKA-Using purified FLNa Ig19 -21 (amino acids 2045-2329), we first performed a standard kinase assay to examine its phosphorylation by PKA. Fig. 1B shows that FLNa Ig19 -21 was very weakly phosphorylated at 5-and 20-min reaction times ( Fig. 1B) . By contrast, under the same condition, a peptide derived from FLNa Ig20 containing the CM as well as the autoinhibitory segment (Arg 2139 -Val 2156 ; Ig20 peptide) was potently phosphorylated by PKA ( Fig. 1B) . These data were rather surprising to us as the Ser 2152 -containing PKA CM in FLNa Ig19 -21 is completely solvent-exposed ( Fig. 1A) . The immediate implication from the data was that the overall conformation of autoinhibited FLNa Ig19 -21 plays a role in negatively regulating Ser 2152 phosphorylation. Our failure to drive Ser 2152 phosphorylation to completion in many assays in conjunction with mass spectrometry corroborated this hypothesis.
Ligand Binding Triggers Filamin Phosphorylation-Because a range of filamin ligands such as integrin ␤7 and migfilin can displace the Ig20 segment to relieve autoinhibition (54), we decided to examine whether these ligands might alter the Ser 2152 phosphorylation level by inducing a different filamin conformation. GPIb␣ peptide, the strongest known filamin ligand in complex with Ig19 -21, resulted in loss of protein through precipitation. We therefore used a mutant peptide, GPIb␣-M, where Phe and Trp of GPIb␣ were both substituted to Ala to increase the peptide-filamin complex solubility but retain relatively high affinity to filamin. Based on the crystal structure of the wild-type GPIb␣ peptide with Ig17, the peptide is a ␤ strand wedged between ␤ strands C and D of the Ig fold where Phe/Trp are not essential for the interface (55) . Hence, this mutant peptide is likely to bind in the same mode as the WT. In support of this, the HSQC spectrum of 15 N-labeled Ig21 with this mutant peptide clearly shows large chemical shift changes ( Fig. 2A ) reminiscent of tight binding partners of class A filamin repeats (34, 56) . Furthermore, isothermal calorimetry experiments show that the mutant binds with a robust affinity of ϳ3 M (Fig. 2 , B and C) that compares well with that of migfilin and integrin ␤7 peptides, albeit slightly weaker than the WT GPIb␣ (34) .
These peptide ligands are listed in Fig. 3A , and the side chains of residues that contact the filamin Ig are marked by arrows. Using the same condition as in Fig. 1 , we examined the PKAmediated phosphorylation of FLNa Ig19 -21 in the presence of migfilin and GPIb␣-M, respectively. Remarkably, both ligands dramatically enhanced the rate of the PKA-mediated phosphorylation effect on FLNa Ig19 -21 ( Fig. 3B ). Filamin dimerizes through its 24th Ig repeat, and integrins are a major ligand for filamin in multiple tissues (57) . We therefore extended the analysis to a larger dimeric fragment, FLNa Ig16 -24 (amino acids 1772-2647), along with the integrin ␤7 peptide that revealed the same trend (Fig. 3C) . These data thus unravel for the first time that despite the exposed CM the autoinhibitory FLNa Ig19 -21 is resistant to phosphorylation, and such resistance is removed upon FLNa Ig19 -21 binding to various ligands that bind through ␤ sheet augmentation of strands C and D of the filamin Ig fold.
Autoinhibitory (Ligand-free) and Ligand-bound FLNa Ig19 -21 Are Conformationally Different-The dramatically different responses to PKA by the ligand-free (autoinhibited) and ligand-bound (open) forms of FLNa Ig21 clearly suggest a filamin conformation-based on/off switch mechanism to regulate enzyme catalysis. To definitively evaluate this hypothesis, we performed an SAXS experiment of FLNa Ig19 -21 in the absence and presence of the ligand migfilin peptide. Migfilin (Fig. 4A , red envelope) induced significant conformational change of FLNa Ig19 -21 as compared with the ligand-free FLNa Ig19 -21 (blue envelope). Interestingly, the ligand-bound form (D max ϳ 110 Å) is less elongated than the ligand-free form (D max ϳ 120 Å) ( Fig.  4A and Table 1 ), suggesting that upon ligand binding FLNa Ig19 -21 undergoes a distinct conformational rearrangement that is probably unique for PKA recognition. Surprisingly, when attempting to fit the back-calculated SAXS data of the crystal structure of FLNa Ig19 -21 to the experimental SAXS data of FLNa Ig19 -21, we found that there was significant deviation between the two data sets (Fig. 4, B and C) . Given that FLNa Ig19 -21 had limited phosphorylation by PKA ( Figs. 1B  and 3 , B and C), we speculated that there is an "open/closed (autoinhibited)" conformational equilibrium of filamin where some small population of the "open" form may allow PKA catalysis. This would also explain why the crystal structure and SAXS data of FLNa Ig19 -21 do not match well. Specifically, there are void areas in the SAXS envelope that we cannot fill with the crystal structure coordinates of Ig19 -21 (Fig. 4A ). Crystallization probably captured the closed form of the protein, whereas the SAXS data are the ensemble of the equilibrated open and closed forms. To rigorously investigate this possibility and to precisely evaluate how the two different conformations of filamin affect PKA activity, we designed two types of filamin constructs. (i) We engineered tightly autoinhibited (locked) filamin in which a strong ligand, GPIb␣ (FRSSLFLWV) (34) , replaced the weak internal ligand, the Ig20 segment ( 2140 VKESITRRR 2148 ) (Fig. 3A) . Consistent with the design, the SAXS data of the locked mutant fit very well with the crystal structure of FLNa Ig19 -21 ( Fig. 4, B, C, and D) . To further validate the design of the locked mutant, we collected the HSQC spectrum of the locked Ig19 -21, which was found to be well dispersed and folded, consistent with the SAXS data ( Fig.  5A) . To highlight the ligand binding property of the mutant, we selected Ser 2088 from Ig19 and Ser 2279 from Ig21 that are diagnostic markers for individual Ig19 and Ig21 occupation by ligands (54, 56, 58, 59) . These two residues reside in the tight loop between C and D strands of the Ig repeats (Fig. 5A, inset) , which are a convenient proxy for ligand engagement by ␤ sheet augmentation. Fig. 5A , inset, shows that Ser 2088 but not Ser 2279 of the locked mutant underwent large chemical shift changes upon addition of migfilin peptide, demonstrating that although migfilin can readily bind to Ig21 of WT FLNa Ig19 -21 (54) it failed to do so for the locked mutant. Correspondingly, although migfilin changed the overall shape of FLNa Ig19 -21 ( Fig. 4, A, B, and C) , it had minimal effect on the locked mutant (Fig. 5B ). This is consistent with the fact that the shape change in WT Ig19 -21 upon migfilin binding is due to rearrangement of Ig20. (ii) We also engineered an active mutant where we made S2143A/I2144A/T2145A mutations in the Ig20 segment to weaken the autoinhibitory interaction. This is again best explained using Ser 2279 (Ig21) and Ser 2088 (Ig19) as indicator chemical shifts. Ser 2088 remains unchanged in the HSQC spec- trum of the active mutant compared with the WT (Fig. 5 , C and inset). However, Ser 2279 in the active mutant shifts toward that of Ig21 in which there is no autoinhibition whatsoever. This clearly shows that autoinhibition is substantially released in the active mutant of Ig19 -21. Thus, we have obtained both locked autoinhibitory and active FLNa Ig19 -21. In particular, the locked mutant allowed us to show that WT Ig19 -21 clearly undergoes a shape change upon migfilin binding. To further confirm the migfilin-induced shape change, we further examined GPIb␣-M binding to Ig19 -21 by SAXS because the two peptides exhibit similar binding affinities to the protein. Fig. 5D and Table 1 show that both ligand peptides induce similar overall shapes of Ig19 -21.
With these above locked and active constructs, we performed the PKA assay again. Fig. 6A shows that the active FLNa Ig16 -24 mutant dramatically increased the rate of phosphorylation by PKA as compared with WT FLNa Ig16 -24 (lane 1 versus lane 5), but no phosphorylation was observed for the locked mutant (lanes 9 -12), indicating that in the locked mutant the open/closed conformational equilibrium probably has completely shifted to the closed/autoinhibited form, which is strongly supported by the SAXS data (Fig. 4B) . Mass spectrometric data further confirmed this finding (Tables 2 and 3 ). Fig.  6B shows that strong ligands GPIb␣-M and integrin ␤7, which can enhance the phosphorylation in the WT, produced mini-mal phosphorylation in the locked form. By contrast, a control peptide derived from the locked form, LFLWVRAPSVANV containing Ser 2152 , is readily phosphorylated by PKA (Fig. 6C) . These data provide strong supporting evidence for the dynamic open/closed conformational equilibrium of filamin in which PKA selectively phosphorylates the open but not the autoinhibited form of filamin A.
Filamin/PKA Recognition Is Mediated by a Mutual Global Shape-matching Mechanism-How would the closed/autoinhibited filamin prevent PKA catalysis? This is a conceptually important issue because the Ser 2152 -containing CM is highly exposed (Fig. 1A ) like many other exposed CMs that are thought to be accessible by kinase-active sites (22) (23) (24) (25) (26) (27) (28) . To resolve this puzzle, we carefully examined the crystal structure of FLNa Ig19 -21 by superimposing it with the phosphopeptide site "RRApSI" of a PKA inhibitor (protein kinase inhibitor ␣)-bound active PKA (60) (Protein Data Bank code 1JLU). Fig.  6D reveals that although the filamin RRAPSV loop fits well into the active site its overall conformation is incompatible with PKA. In particular, both filamin Ig20 and Ig21 would have strong steric clash with the PKA catalytic domain (Fig. 6D) . By contrast, ligand binding removed such structural restraint with an altered conformation of FLNa Ig19 -21 ( Fig. 4A ) that appears to fit well with the PKA conformation (Fig. 6E) . Thus, global filamin conformation appears to act as a filter to only present ligand-induced filamin conformation for effective PKA catalysis.
In regard to P-sites of other proteins and their accessibility to various kinases, examination of known CMs in many crystal structures revealed that most of them have weak or no electron densities, consistent with the findings that the majority of P-sites are in disordered regions or flexible loops (22) (23) (24) (25) (26) (27) (28) . Table  4 lists examples of PKA CM sites (61-71) that are all located in the loops, but their corresponding overall protein conformations are clearly incompatible with the PKA conformation. Thus, despite the exposed CMs, these proteins may use their distinct overall conformations to prevent their access to relevant kinases, and mechanisms may exist to temporally alter the protein conformations to allow their access to kinases, thereby leading to regulated phosphorylation and subsequent specific cellular responses.
DISCUSSION
Substrate recognition is a key step in enzyme catalysis. The classic "induced fit" (72) and "conformational selection" (73, 74) models have long emphasized how a specific enzyme conformation is either induced or selected, respectively, to recognize the substrate but not vice versa (75) . This is exemplified in the kinase field where there is a long list of examples of how kinases are conformationally activated to recognize substrates (for representative reviews, see Refs. 18 -21) . By contrast, only a few studies have reported how the buried/ordered CMs might undergo local substrate unfolding to access the kinase active site (29, 30) , and there are no studies on how global substrate conformation affects the exposed CM access to the kinase. This gap in knowledge may be due to two reasons. (i) Enzyme active sites are small, which only allows short linear motifs of the substrates to enter for binding and catalysis. Because CMs are typ- Ϫ; lanes 1 and 2) and presence of migfilin (lanes 3-6) and GPIb␣-M (lanes 7-10) at two different concentrations (ϩ, 50 M; ϩϩ, 200 M). C, time-dependent phosphorylation of FLNa Ig16 -24 (ϳ100 kDa) in the absence (lanes 1 and 2) and presence of migfilin (lanes 3-6) and integrin ␤7 (lanes 7-10) at two different concentrations (ϩ, 50 M; ϩϩ, 200 M). In B and C, suitable "no PKA" controls were included.
ically located in unstructured regions, this led to the notion that the CMs readily fit into the enzyme active sites in a global substrate shape-independent manner (for reviews, see Refs. 22, 23, and 25). (ii) It is technically difficult to determine the origin of phosphorylation from phosphorylatable or unphosphorylatable conformations because substrates with exposed CMs or even buried CMs may be in dynamic equilibrium between the two conformations. Because of such equilibrium, a phosphorylation effect is often detected to a certain extent as found in the case of filamin (Fig. 1 ). This scenario also applies to autophosphorylation in which a kinase may phosphorylate itself, e.g. on the activation loop. However, because a kinase with an active conformation (not autophosphorylated) is in dynamic equilibrium with its inactive form, it is difficult to determine whether the kinase with active conformation may phosphorylate itself or its inactive form. Thus, the exact conformational mechanism for kinase autophosphorylation remains elusive. In our study, using the protein engineering approach, we designed the locked 7 and 8) . C, 32 P autoradiogram of Ser 2152 -containing peptide LFLWVRAPSVANV from the locked mutant was phosphorylated by PKA for 1 h. D, superposition of "RRASI" of protein kinase inhibitor ␣ (red) bound to PKA with FLNa Ig19 -21 showing that the filamin RRAPSV (blue) loop fits well into the active site but that its surrounding regions are incompatible with PKA (yellow). Especially Ig20 has strong steric clash (mesh area) with PKA. E, modeling analysis suggests that the ligand (migfilin)-bound FLNa Ig19 -21 may structurally match the PKA conformation without steric clash, thus explaining why it promotes catalysis.
filamin mutant, which showed unambiguously as compared with the open form that the autoinhibited conformation is unphosphorylatable by active PKA despite the exposed CM ( Fig. 6 ). Structural analysis further confirmed that the active PKA conformation is incompatible with the autoinhibited filamin conformation (Fig. 6D ) and other target substrates (Table  4 ) despite the exposed CMs. These data thus establish for the first time that despite having exposed CMs the global conformations of the substrates are crucial for fine-tuning the kinase specificity at least in certain biological systems.
What are the fundamental and mechanistic implications for the global substrate shape-dependent CM/kinase recognition? At the conceptual level, we believe that such a recognition mode calls upon revision of the conventional induced fit or conformational selection model that only stresses the importance of enzyme conformation in catalysis. An extended mutual conformational selection model suggesting that local unfolding of buried or ordered CMs is necessary to fit into the enzyme active sites has been described recently (30, 76) . Here, we propose a new mutual global conformational selection model that emphasizes the overall three-dimensional shape-specific matching of the enzyme with its protein substrates. Such a model may appear to be apparent for elucidating non-enzymatic protein/protein interactions involving large interfaces. However, it has not been perceived previously in enzyme catalysis probably due to the above mentioned notion that the majority of CMs are in disordered regions and thus are adaptable to the catalytic pockets of enzymes without constraints of global substrate conformations (22, 23, 25) . Our data now strongly endorse such a model at least for certain enzyme interactions with substrates containing exposed CMs. At the mechanistic level, such a model may help identify novel kinase-mediated phosphorylation and signaling mechanisms. Because tens of thousands of cellular proteins are phosphorylated in diverse cellular activities, any kinase, even if it is localized and activated, may encounter multiple exposed CMs in nearby proteins, in different subunits of a protein complex, or in the same protein (see Fig. 7 ). In these scenarios, overall substrate conformational restriction might be an effective filter to eliminate nonspecific phosphorylation (see Fig. 7 ) and thus help maintain cellular status. Specific stimuli such as ligand binding may induce a conformational change for one of the CM-containing regions or proteins to match the kinase conformation, thereby temporally triggering the phosphorylation and a particular downstream pathway (see Fig. 7 ). In the case of filamin, a broad range of filamin ligands, which correspond to diverse cellular events mediated by this phosphorylation event such as platelet aggregation (39) , cytoskeletal rearrangement (41), mechanoprotection (40), cancer metastasis (38) and defective neuronal migration (42) , were found to promote filamin Ser 2152 phosphorylation. It is conceivable that different ligands, depending on their spatiotemporal localization with filamin, may promote its phosphorylation and modulate specific downstream signaling events. In this regard, ligand-dependent phosphorylation of filamin Ser 2152 is a unique chemomechanical switch for regulating diverse filamin-mediated cytoskeletal remodeling events.
In summary, we have discovered a novel regulatory pathway of phosphorylation at filamin Ser 2152 . Although this phosphorylation has long been known to be crucial for a range of cellular responses such as cytoskeleton remodeling, platelet aggregation, and cell migration, the pathway highlights for the first time how the phosphorylation is temporally controlled by ligand binding-induced conformational change of filamin. In broad terms, our findings suggest that in some complex signaling networks global substrate shapes may play a filtering role in channeling the specific exposed CM access to kinases, thereby triggering distinct signaling responses. Our findings also challenge the widely used induced fit or conformational selection model in enzymology, indicating that mutual global conformational matching between enzyme and macromolecular substrate may be crucial in controlling the catalytic specificity at least in certain biological events. Further investigations in this area are needed to help understand the spatiotemporal regulation of the enzyme specificity. At the experimental level, significant caution should now be taken to examine whether intact versus corresponding CM peptide substrates are phosphorylated at different rates, which may reveal novel substrate shape-depen-dent phosphorylation pathways that are otherwise overlooked but are critical for mediating a variety of physiological and pathological responses.
